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Ephrin-B2 and EphB1 Mediate Retinal
Axon Divergence at the Optic Chiasm
Introduction
During development, retinal ganglion cell (RGC) axons
Scott E. Williams,1 Fanny Mann,2,5
Lynda Erskine,1,6 Takeshi Sakurai,1,7
Shiniu Wei,3 Derrick J. Rossi,3,8
make a binary decision to either cross or avoid the mid-Nicholas W. Gale,4 Christine E. Holt,2
line, thereby establishing the partial decussation thatCarol A. Mason,1,* and Mark Henkemeyer3
forms the optic chiasm. This allows input from temporal1Departments of Pathology, Anatomy
axons of the ipsilateral eye and nasal axons of the con-and Cell Biology
tralateral eye—which perceive the same visual hemi-Center for Neurobiology and Behavior
field—to converge at higher visual centers. Aside fromColumbia University
serving as the biological substrate for the establishmentCollege of Physicians and Surgeons
of binocular vision, the optic chiasm is an excellent630 West 168th Street
model for studying axon guidance at the midline. Popu-New York, New York 10032
lations of ipsilaterally and contralaterally projecting2 Department of Anatomy
RGCs are spatially segregated within the retina, with theUniversity of Cambridge
cell bodies of uncrossed RGCs (comprising 3% of theCambridge, CB2 3DY
total projection in the adult mouse) restricted primarilyUnited Kingdom
to the VT crescent. A similar spatial arrangement is ob-3 Center for Developmental Biology
served in the postmetamorphic Xenopus retina, al-Kent Waldrep Center for Basic Research
though the two species differ in the manner and timing
on Nerve Growth and Regeneration
in which the ipsilateral projection develops (Mann and
University of Texas Southwestern Medical Center
Holt, 2001).
Dallas, Texas 75390 Eph receptors comprise a large family of tyrosine ki-4 Regeneron Pharmaceuticals nases known to participate in several aspects of visual
Tarrytown, New York 10591 system development. Ephs consist of 14 members di-
vided into A- and B-subclasses, differentiated by their
preferential affinity for either GPI-linked (ephrin-A) or
transmembrane (ephrin-B) ligands. Both subclasses of
Summary receptors and ligands have been implicated in topo-
graphic map formation (reviewed in McLaughlin et al.,
In animals with binocular vision, retinal ganglion cell 2003), with EphAs and EphBs expressed in overlapping
(RGC) axons either cross or avoid the midline at the gradients that are highest in temporal and ventral retina,
optic chiasm. Here, we show that ephrin-Bs in the respectively (Cheng et al., 1995; Braisted et al., 1997;
chiasm region direct the divergence of retinal axons Birgbauer et al., 2000; Hindges et al., 2002; Mann et
through the selective repulsion of a subset of RGCs al., 2002). In addition to the kinase-dependent “forward
that express EphB1. Ephrin-B2 is expressed at the signaling” pathways mediated by Eph receptors, there
mouse chiasm midline as the ipsilateral projection is is considerable genetic and biochemical data demon-
generated and is selectively inhibitory to axons from strating that EphBs also “reverse signal” (see Kullander
and Klein, 2002, for review). In this context, EphBs haveventrotemporal (VT) retina, where ipsilaterally pro-
been shown to serve as guidance cues for dorsal retinaljecting RGCs reside. Moreover, blocking ephrin-B2
axons expressing ephrin-Bs, a mechanism which hasfunction in vitro rescues the inhibitory effect of chiasm
been proposed to regulate pathfinding to the optic disccells and eliminates the ipsilateral projection in the
in mouse (Birgbauer et al., 2000) and to the tectum insemiintact mouse visual system. A receptor for ephrin-
Xenopus (Mann et al., 2002).B2, EphB1, is found exclusively in regions of retina
Studies in Xenopus support a role for ephrin-Bs inthat give rise to the ipsilateral projection. EphB1 null
directing divergence of retinal axons at the chiasm mid-mice exhibit a dramatically reduced ipsilateral projec-
line, as an ephrin-B is present at the chiasm of thetion, suggesting that this receptor contributes to the
metamorphosing tadpole at the time when the ipsilateralformation of the ipsilateral retinal projection, most
projection forms (Nakagawa et al., 2000). This mecha-likely through its repulsive interaction with ephrin-B2.
nism may also apply more generally, as an ephrin-B is
present in the mouse chiasm but is absent in chick, an
organism which lacks a permanent ipsilateral projection*Correspondence: cam4@columbia.edu
(Nakagawa et al., 2000). Studies in mouse have demon-5 Present address: INSERM U382, Campus de Luminy, 13288 Mar-
strated that cells of the ventral diencephalon, on whichseille Cedex 09, France.
6 Present address: Departments of Visual Science and Molecular the chiasm forms, are the source of both contact-depen-
Genetics, Institute of Ophthalmology, University College London, dent and diffusible inhibitory cues (Wang et al., 1995,
London EC1V 9EL, United Kingdom. 1996). Thus, the selective repulsion of axons from VT7 Present address: Department of Neurobiology and Neurology,
retina by chiasm cells is thought to mediate the forma-Mount Sinai School of Medicine, New York, New York 10029.
tion of the ipsilateral projection, perhaps through the8 Present address: Department of Pathology, Stanford University
School of Medicine, Stanford, California 94305. action of B-class ephrins. To date, however, a putative
Neuron
920
role for ephrin-Bs in midline RGC guidance in a mamma- to pioneer the optic tracts (Colello and Guillery, 1990;
Marcus and Mason, 1995). By E14.5, ipsilateral axonslian system has yet to be investigated.
from VT retina have begun to arrive at the chiasm, andDespite these advances, much remains unknown
ephrin-B2 is strongly expressed at the midline (Figureabout the mechanism of retinal axon divergence, both
1E). Ephrin-B2 continues to be expressed at high levelsin terms of an evolutionarily conserved mechanism and
through E15.5 (Figure 1L), an age which correspondswith regard to the specific players involved. Although
to the peak of ipsilateral RGC neurogenesis and axonectopic ephrin-B2 has been shown to be sufficient to
extension (Drager, 1985; Rachel et al., 2002). By E17,misroute retinal axons ipsilaterally (Nakagawa et al.,
when nearly all axons arriving at the chiasm project2000), it is not yet known which are the endogenous
contralaterally, ephrin-B2 is, at best, only very weaklyephrins, nor is it known which, if any, are required for
expressed (Figure 1M). Thus, the time course of ephrin-the ipsilateral projection to form. To directly address
B2 expression in the mouse chiasm is coincident withthese issues, we have examined ephrin-B expression
the formation of the ipsilateral projection.by in situ hybridization in the mouse chiasm during the
To determine the identity of the cells in the chiasmperiod in which the ipsilateral projection forms and
that express this guidance factor, we utilized an ephrin-found that ephrin-B2 is dynamically expressed at the
B2 knockin mouse which has the lacZ gene present inchiasm midline concurrent with the development of the
the targeting construct (Gale et al., 2001). In midchiasmipsilateral projection. Furthermore, to our knowledge,
sections from E15.5 ephrin-B2lacZ/ embryos, X-gal reac-we provide the first direct evidence that ephrin-B2 is
tivity is strongest in a 100 m band around the midlinemore inhibitory to ipsilateral than contralateral retinal
(Figure 2B), the region in which retinal axons pause andaxons and demonstrate that ephrin-B2 is necessary for
turn to project ipsilaterally (Godement et al., 1994). Inthe ipsilateral projection to form. Finally, using in situ
more anterior sections, at the rostral extreme of wherehybridization and analyses of mutant mice, we show
RGC axons traverse the midline (Figure 2A), X-gal reac-that EphB1, a receptor for ephrin-B2, is expressed spe-
tivity is more broadly located around the floor of thecifically in regions of the retina that give rise to the
third ventricle. In more caudal sections (Figure 2C), X-galipsilateral projection, and in mice lacking EphB1, the
staining diminishes. The spatial pattern of expressionsize of the ipsilateral projection is reduced dramatically.
observed using the ephrin-B2lacZ marker is strikingly sim-Together these data identify ephrin-B2 and EphB1 as
ilar to that of the endogenous transcript (compare Figurekey players in retinal axon divergence and suggest that
1L with Figure 2B).the function of B-class Ephs and ephrins in patterning
Using a -galactosidase (-gal) antibody to detectbinocular vision is conserved between species.
ephrin-B2, we observed that RGC axons enter the chi-
asm in the region where ephrin-B2 is expressed (FiguresResults
2D–2F). These midline -gal cells have elongated cell
bodies with short endfeet attached to the ventricularEphrin-B2 Is Expressed by Radial Glia
surface—a morphology reminiscent of the specializedat the Optic Chiasm Midline
radial glia with which retinal axons interact (Marcus et
Previous studies of ephrin-B expression in the chiasm
al., 1995). In order to confirm the identity of these cells,
region (Nakagawa et al., 2000) used EphB receptor-AP
we investigated whether the lacZ reporter colocalizes
affinity probes, which bind to classes of ligands but with the radial glial markers BLBP, GLAST, and RC2
cannot necessarily differentiate among them (Flanagan (Misson et al., 1988; Feng et al., 1994; Shibata et al.,
et al., 2000). In order to determine which ephrin-Bs may 1997; Hartfuss et al., 2001). Nearly all the cells that ex-
influence RGC guidance at the mouse chiasm midline, press ephrin-B2 also express BLBP, although not all
we investigated the expression of all three known BLBP cells are lacZ (Figures 2G–2I). These ephrin-B2
ephrin-Bs at E14.5, a stage at which the permanent cells also express GLAST and RC2 on their processes
ipsilateral projection from VT retina begins to form. Only (Figures 2J–2M), confirming that they are in fact radial
ephrin-B2 mRNA is found specifically at the chiasm mid- glia. Consequently, we feel that ephrin-B2 is positioned
line at this age (Figure 1). Although ephrin-B3 is ex- properly to participate in retinal axon divergence.
pressed widely throughout the diencephalon both dor-
sal and caudal to the chiasm (Figures 1G–1I), it is absent Ephrin-B2 Is Most Inhibitory
in the region surrounding the third ventricle, where the to Uncrossed RGC Axons
cell bodies of the midline radial glia reside (Marcus et al., To directly test whether axons from VT retina are inhib-
1995). Ephrin-B2, however, is expressed in the midline ited by ephrin-B2, we cultured retinal explants on per-
region immediately dorsal to the chiasm (Figure 1E) and missive substrates of poly-ornithine and laminin, to
is absent in more anterior (Figure 1D) and posterior (Fig- which were added varying concentrations of recombi-
ure 1F) regions. nant mouse ephrin-B2 ectodomain fused to human Fc
We first detected weak ephrin-B2 expression in the (Gale et al., 1996). Since ephrin-B-Fc dimers have been
ventral diencephalon at E12.0–E12.5 (Figure 1J), a time shown to require clustering for activity (Davis et al.,
when few if any RGC axons have reached the midline 1994; data not shown), we used an anti-Fc antibody to
(Sretavan, 1990; Marcus and Mason, 1995). By E13.5, aggregate the ephrin-B2-Fc before applying it to the
ephrin-B2 is expressed broadly along the floor of the culture dish. Using EphB2-transfected HEK cells grown
third ventricle at the chiasm midline (Figure 1K). At this on these substrates, we confirmed that ephrin-Bs aggre-
age, dorsocentral retina gives rise to both crossed axons gated in this way are capable of clustering and phos-
as well as a transient population of uncrossed axons, phorylating EphB receptors at levels as low as 1 g/mL
(Figure 3A).which turn at a distance from the midline and are thought
Ephrin-B2 and EphB1 Pattern Binocular Vision
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Figure 1. Ephrin-B2 Expression in the Optic Chiasm Is Spatially and Temporally Correlated with the Generation of the Ipsilateral Projection
(A–I) Detection of ephrin-B mRNAs in serial frontal sections of E14.5 embryos. (B), (E), and (H) are midchiasm sections. (A, D, and G) and (C,
F, and I) are 200 m anterior or posterior, respectively. (A–C) Ephrin-B1 mRNA is not detected in the chiasm region. (D–F) Ephrin-B2 is
expressed discretely at the chiasm midline, dorsal to the path of RGC axons. (G–I) Ephrin-B3 is abundantly expressed in the chiasm region
but dorsal and posterior to where RGC axons pass.
(J–M) Ephrin-B2 expression at different stages of development, as illustrated in midchiasm frontal sections (similar plane as in [E]). Expression
levels are highest as the ipsilateral projection forms.
Scale bar, 100 m; dorsal is up.
In the first series of experiments, we cultured explants Previously, we demonstrated that Xenopus ventral reti-
nal axons can be misrouted by ectopic ephrin-B2 (Naka-from all four quadrants of mouse retina on three different
concentrations of ephrin-B2-Fc or Fc alone as a control. gawa et al., 2000). In order to determine whether ephrin-
B2 is selectively inhibitory to these axons, we culturedNeurite outgrowth from dorsonasal (DN) and dorso-
temporal (DT) explants was not significantly affected by Xenopus retinal explants on ephrin-B2-expressing L
cells (see Supplemental Data available online at http://even the highest (8 g/mL) concentration of ephrin-B2
tested, whereas outgrowth from ventral explants was www.neuron.org/cgi/content/full/39/6/919/DC1).
Neurites from explants of ventral but not dorsal retinareduced significantly in a dose-dependent manner (Fig-
ures 3B and 3C). Moreover, at an intermediate concen- were both significantly shorter and fewer in number
when grown on membranes from L-ephrin-B2 cells com-tration (1 g/mL), a differential effect of ephrin-B2-Fc
on ventral explants was observed. Only outgrowth from pared to control cells (Table 1). Taken together, these
data demonstrate that ephrin-B2 is capable of elicitingVT explants was reduced significantly, suggesting that
VT axons are more sensitive to ephrin-B2 than axons appropriate region-specific responses from retinal ax-
ons in both Xenopus and mouse.from other regions of the retina. To test this more rigor-
ously, we cultured ventral explants on a range of con-
centrations of ephrin-B2 in order to generate dose re- Ephrin-B2 Is Required to Generate
the Ipsilateral Projectionsponse curves. At every concentration tested, VT
explants were more strongly inhibited by ephrin-B2 than Next, we sought to determine whether endogenous
ephrin-B2 is necessary for the ipsilateral projection toVN explants (Figure 3D), confirming that VT axons are
most sensitive to ephrin-B2. These differences were sig- form. While two lines of ephrin-B2 knockout mice have
been generated (Wang et al., 1998; Gale et al., 2001),nificant at every concentration except 0.1 g/mL and
were most dramatic at 0.5 g/mL. the early neonatal lethality of these mutants prohibits
Neuron
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Figure 2. Ephrin-B2 Is Expressed by Midline Radial Glia
Analysis of ephrin-B2 expression at the chiasm midline in sections of E15.5 ephrin-B2lacZ/ embryos using X-gal (A–C) or -gal immunohistochem-
istry (D–M). (A–C) Serial frontal sections showing -galactosidase enzyme activity. (D–F) Equivalent confocal sections showing -gal immunore-
active cells in the chiasm region relative to the location of RGC axons, labeled with a neurofilament (NF) antibody. (G–M) Colocalization of
ephrin-B2 cell bodies with radial glial markers in midchiasm frontal sections, equivalent to (E). BLBP, which labels a subset of radial glia,
overlaps significantly with ephrin-B2 (G–I). GLAST (K) labels nearly all radial glia in the chiasm region at this age, most of which are RC2 (L).
In the merge (M), it is clear that -gal somata belong to the same cells with GLAST and RC2 processes. Scale bar, 50 m; dorsal is up.
Arrowheads in (G) and (J) indicate blood vessels, which also express high levels of ephrin-B2 (Wang et al., 1998; Gale et al., 2001). Arrows in
(A) and (B) indicate lacZ puncta within the scaffold of RGC axons. 3V, third ventricle.
genetic analysis of ephrin-B2 function in the optic chi- cantly by ephrin-B1 or ephrin-B3, whereas the growth
deficit of VT explants on ephrin-B2 was rescued com-asm. As an alternative, we have blocked ephrin-B2 func-
tion in two different in vitro preparations. EphB4 has pletely. EphB4-Fc had no effect on its own or on dorsal
explants grown on Fc or ephrin-B2. However, EphB4-Fcbeen reported to be a receptor which is specific for
ephrin-B2, with little if any affinity for ephrin-B1 or evoked a significant and specific reduction of outgrowth
from DT explants grown on either ephrin-B1 (27%, p ephrin-B3 (Brambilla et al., 1996). We therefore reasoned
that a soluble form of this receptor ectodomain, EphB4- 0.004) or ephrin-B3 (20%, p  0.01). This could be due
to the fact that ephrin-B2 is found at high levels in dorsalFc, would block endogenous ephrin-B2.
To confirm that EphB4-Fc binds specifically to ephrin- retina (data not shown and Braisted et al., 1997; Birg-
bauer et al., 2000; Mann et al., 2002), and that in theseB2, we cultured retinal explants on different ephrin-B
substrates and added soluble EphB4-Fc or Fc control cultures, the action of EphB4-Fc may be on the explants
themselves rather than on the substrate. Further experi-to the medium. All three ephrin-Bs strongly inhibited
outgrowth from VT but not DT explants under control ments will be required to test this hypothesis.
These experiments demonstrate that EphB4-Fc canconditions (Figure 4A). When EphB4-Fc is added to the
culture medium, VT explants were still inhibited signifi- be used to specifically block ephrin-B2 without affecting
Ephrin-B2 and EphB1 Pattern Binocular Vision
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Figure 3. Ipsilateral Ganglion Cells Are Most Sensitive to Ephrin-B2
(A) Merges of DIC and fluorescent images of EphB2-transfected HEK cells stained with anti-EphB2 and anti-phospho EphB2 antibodies (Dalva
et al., 2000). Note that the staining with either antibody is punctate for HEK cells grown on both ephrin-B1 (Ai and Aiii) and ephrin-B2 (Aii)
substrates. On control substrates, anti-EphB2 staining is diffuse (Aiv), and there is no detectable staining with the phospho-specific antibody
(Av). Mock-transfected HEK cells showed no reactivity for either antibody on any substrate.
(B) Representative explants from DT, VT, and VN retina, grown on control substrates (8 g/mL Fc, top panels), low levels of ephrin-B2 (1
g/mL, middle panels), or high levels of ephrin-B2 (8 g/mL, bottom panels). Outgrowth from both VT and VN is reduced significantly by high
levels of ephrin-B2. At lower levels of ephrin-B2, outgrowth from VN is more robust, while VT remains strongly inhibited.
(C) Quantification of the area of neurite outgrowth from two independent experiments in which all four quadrants of retina were grown on Fc
or ephrin-B substrates. Outgrowth from dorsal explants is not significantly different from controls for all three concentrations of ephrin-B2
tested. Both VT (p  0.0007) and VN (p  0.0003) are inhibited significantly by 8 g/mL levels of ephrin-B2, but only VT is significantly inhibited
by 1 g/mL levels (p  0.0063).
(D) Normalized dose response curve of VT and VN explants to five different concentrations of ephrin-B2. VT is more strongly inhibited by
ephrin-B2 than VN at all concentrations tested. Data were pooled from three independent experiments, exclusive of those represented in (C).
The leftward shift in the dose response curve in these experiments may reflect the use of a newer and more potent lot of ephrin-B2.
Scale bar, 20 m in (A), 500 m in (B).
other ephrin-Bs that may be present in our culture sys- et al., 1995). The addition of EphB4-Fc, however, com-
pletely rescues this chiasm cell-mediated growth inhibi-tems. To test whether ephrin-B2 is required on chiasm
cells to inhibit VT axons, we cultured retinal explants tion (85% increase, p  0.0033) while having no signifi-
cant effect on its own or on DT explants. EphB2-Fc,together with dissociated chiasm cells in the presence
or absence of soluble EphB4-Fc. In these retina-chiasm which can bind to all three ephrin-Bs (Gale et al., 1996),
has a similar but slightly more robust effect (107% in-cocultures, outgrowth from VT explants was reduced
selectively in the presence of chiasm cells (Figures 4B crease, p  0.0007). In contrast, blocking ephrin-A li-
gands using EphA5-Fc could not rescue the chiasm-and 4C), consistent with previous observations (Wang
Neuron
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Table 1. Xenopus Retinal Growth on Membrane Substrates from L-ephrin-B2 Cells
Retinal Explant Membranes Axon Length (m) Axons/Explant n
Dorsal control 320.9  10.6 24.0  3.8 8
Dorsal ephrin-B2 321.6  10.0 22.4  4.4 9
Ventral control 298.4  9.9 33.4  6.3 7
Ventral ephrin-B2 210.7  10.2*** 18.2  4.7* 10
Data are mean  SEM; n, number of explants; *p  0.05; ***p  0.001.
mediated growth deficit (Figure 4D). Thus, when ephrin- vivo situation, we cultured semiintact preparations of
the visual system (Godement et al., 1994) from E13.5B2 is blocked, chiasm cells are no longer inhibitory to
VT axons, suggesting that ephrin-B2 is required to repel embryos in the presence of EphB4-Fc. By using animals
of this age, which have few if any ipsilateral axons pres-ipsilateral axons.
In a paradigm that more closely approximates the in ent at the time of dissection, we were able to limit our
Figure 4. Blocking Ephrin-B2 Eliminates the Ipsilateral Projection
(A) EphB4-Fc blocks ephrin-B2- but not ephrin-B1- or ephrin-B3-mediated inhibition of neurite outgrowth from VT explants. All three ephrin-
Bs are inhibitory to outgrowth from VT but not DT explants. Addition of soluble EphB4-Fc to the media rescues this growth deficit for ephrin-
B2 substrates alone, indicating that it is specific for this ligand.
(B) Representative VT explants grown with or without dissociated chiasm cells (ch). In the absence of chiasm cells (left panel), outgrowth
from explants is robust. In the presence of chiasm cells (middle panel), outgrowth is reduced by an average of 38% (p  0.0053) for cultures
in which the control protein Fc is added to the media. When EphB4-Fc is added (right panel), the growth deficit of VT explants on chiasm
cells is completely eliminated. Scale bar, 200 m.
(C) Quantification of data illustrated in (B) from four independent experiments. Addition of either EphB4-Fc (to block ephrin-B2) or EphB2-Fc
(to block all three ephrin-Bs) had a similar effect on VT retina-chiasm cocultures. Neither had any significant effect by itself. DT explants grew
uniformly well under all conditions tested.
(D) EphA5-Fc cannot rescue the growth deficit of VT explants on chiasm cells, though it does have a mild nonspecific positive effect by itself.
(E) Whole mount ventral views of the optic chiasm region in semiintact preparations treated with either Fc (top panels) or EphB4-Fc (bottom
panels). The dotted line indicates the approximate location of the chiasm midline. Arrowheads indicate RGC axons projecting ipsilaterally. All
fibers appear to project contralaterally in EphB4-Fc cultures, whereas control cultures appear grossly normal. Scale bar, 200 m; anterior is
up. on, optic nerve; ot, optic tract.
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Table 2. Effect of EphB4-Fc on Formation of the Ipsilateral Projection in Semiintact Preparations of E13.5 Mouse Visual System
Number with Number without Percentage with
Culture Condition n Ipsilateral Projection Ipsilateral Projection Ipsilateral Projection
Untreated 18 15 3 83%
 Fc 22 13 9 59%
 EphB4-Fc 11 1 10 9%
analysis to those uncrossed fibers generated de novo in Figure 5G), and centrally in both temporal and nasal
retina in horizontal sections (arrows in Figure 5B). Byduring the culture period. An ipsilateral component of
the RGC projection could be detected in the majority of E14, EphB1 is found in VT as well as dorsocentral retina
(arrowheads in Figure 5H), though the expression in dor-untreated (83%, n  18) or Fc-treated (59%, n  22)
cultures (Figure 4E, Table 2). Conversely, in all but one sal retina is absent by E15.5 (Figure 5I).
Retinal ganglion cells are generated in a central toof the cultures treated with EphB4-Fc (n  11), the un-
crossed component was absent, despite the apparently peripheral wave (Drager, 1985), and there is a corre-
sponding translocation of EphB1 expression in temporalnormal size and morphology of the crossed component.
Therefore, normal ephrin-B2 function appears to be re- retina toward the periphery at later ages (Figures 5C–5E).
By E17, the strongest EphB1 expression is confined toquired in this culture system for the ipsilateral projection
to form. However, since we did not focally apply the a small number of RGCs bordering the lens (Figures 5E
and 5J). EphB1 mRNA can also be found in the outerEphB4-Fc to the chiasm region, we cannot rule out the
possibility that EphB4-Fc may be acting on ephrin-B2 nuclear layer as well as in both dorsal and nasal ganglion
cells at this age. Since ephrin-B2 is no longer presentelsewhere in these cultures. Nonetheless, together with
the data from the retina-chiasm cocultures, these exper- in the chiasm and few ganglion cells project ipsilaterally
at E17, EphB1 may subserve another function at thisiments strongly suggest that midline ephrin-B2 plays a
critical role in directing the formation of the uncrossed time. Taken together, these results demonstrate that
EphB1 is expressed both early in dorsocentral and latervisual projection.
in VT retina and therefore is positioned appropriately to
direct ipsilateral ganglion cells throughout development.EphB1 Is Expressed in Regions of Retina that Give
Rise to the Ipsilateral Projection
To determine which receptors in the retina mediate the EphB1 Is Required for the Proper Formation
of the Ipsilateral Projectionselective repulsion of ipsilateral axons, we investigated
the expression patterns of those Ephs reported to bind In order to determine whether EphB1 is necessary for
the ipsilateral projection to form, we generated two linesephrin-B2 (Flanagan and Vanderhaeghen, 1998). Of the
seven A- and B-subclass receptors examined, all are of EphB1 mutant mice by homologous recombination,
both of which are expected to harbor null alleles (Figureexpressed in some portion of the mouse retina at E15.5,
and four are found in ganglion cells at this age (Supple- 6A and Supplemental Data at http://www.neuron.org/
cgi/content/full/39/6/919/DC1). As designed, deletion ofmental Figure S1 at http://www.neuron.org/cgi/content/
full/39/6/919/DC1). However, only EphB1 is expressed exon 3 creates a protein null mutation (EphB1), as aber-
rant splicing around this exon results in a transcriptin a pattern that suggests it may be present exclusively
on ipsilateral axons. Interestingly, we found that expres- containing a frameshift mutation in the open reading
frame. Furthermore, based on the crystal structure ofsion of EphB1 is restricted to a small number of ganglion
cells located exclusively in the VT retina in both mouse the highly related EphB2 receptor extracellular domain
(Himanen et al., 2001), the amino acids that are encodedand Xenopus (Supplemental Figures S1F and S1I). This
was surprising, as EphB1 had previously been reported by this deleted exon include most of the residues neces-
sary for ephrin binding. Out of 810 ES cell lines screened,to be uniformly expressed in the ganglion cell layer in
mouse at E14–E16 (Birgbauer et al., 2000). However, two positive homologous recombination events were
identified by Southern blot (Figure 6B). Chimeric miceidentical results were obtained with two independent
probes raised to different regions of murine EphB1 were generated and subsequently mated to obtain
germline transmission of the targeted null allele. EphB1mRNA, and no signal was detected with sense probes
in either organism (data not shown). heterozygotes were subsequently mated, leading to the
birth of normally appearing EphB1 homozygotes at theTo determine whether the time course of EphB1 ex-
pression is consistent with the generation of the ipsilat- expected Mendelian ratio (Figure 6C). PCR analysis de-
termined that exon 3 was deleted in the homozygoteseral projection, we performed in situ hybridization on
horizontal (Figures 5A–5E) and frontal sections (Figures (data not shown), and Western blot analysis verified that
EphB1/ homozygotes did not produce EphB1 protein5F–5J) of retina at different developmental ages. In
mouse, the uncrossed projection develops in two (Figure 6D). The second mutation, termed EphB1lacZ (Fig-
ure 6A), expresses a chimeric transcript in which EphB1phases, with an early transient component arising from
dorsocentral retina at E12–E14 and the later perma- exons 1 and 2 are spliced to the sa-IRES-geo cassette,
leading to expression of geo in the cells that normallynent component arising from VT retina at E14–E17
(Mason and Sretavan, 1997). By E13, EphB1 mRNA was express EphB1 protein (Supplemental Figure S2).
To determine whether the absence of a functionaldetected in dorsocentral retina in the RGC layer, visible
above the optic nerve in frontal sections (arrowheads EphB1 gene alters the projection pattern of RGC axons
Neuron
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Figure 5. EphB1 Expression in Mouse Retina
(A–J) Horizontal (A–E) and frontal (F–J) sections of EphB1 expression in mouse retina from E12 through E17. At E12, there is little detectable
EphB1 in the retina (A and F). From E13 through E14, EphB1 is expressed in dorsocentral retina (arrows in [G] and [H]), though at E13 it is
still absent in VT (asterisk in [G]). By E15.5, there is no expression in dorsocentral retina, but strong expression in VT (D and I). By E17 (E and
J), the domain of expression in VT is significantly reduced, while EphB1 has been upregulated elsewhere in the retina.
(K) Schematics of the approximate domain of EphB1 expression at each of the ages examined.
Scale bar in (A), 200 m in (A)–(D) and (F)–(I), 300 m in (E) and (J).
at the optic chiasm, we performed anterograde DiI fills To ensure that the formation of the uncrossed projec-
tion is not simply delayed in EphB1 mutants, we per-on these mutants. In E17.5 wild-type and heterozygote
embryos, a normal ipsilateral projection was observed formed DiI labeling on postnatal day 1 animals (Figures
7K–7M). As in E17.5 embryos, the ipsilateral optic tractin the vast majority of cases (arrowhead in Figure 7A,
Table 3). A similar projection pattern was seen in is nearly absent at P1 in EphB1/ mutants (Figure 7M).
Serial frontal sections (data not shown) confirmed thisEphB2/ mutants (Figure 7B), suggesting that although
EphB2 is found at high levels in ventral retina (Supple- finding. We scored, blind to genotype, the phenotypes
of all E17.5 and P1 animals examined. All wild-type,mental Figure S1H and Birgbauer et al., 2000), it has
little impact on midline guidance decisions. In contrast, EphB1/, EphB2/, and EphB2/ animals examined
had either a “normal” or “reduced” ipsilateral projection,EphB1/ mutants display a marked and consistent re-
duction in the size of the ipsilateral optic tract (Fig- with the “reduced” category likely reflecting the variabil-
ity in completeness of DiI filling inherent to the methodure 7C).
In whole mounts such as these, it is possible that we used. In contrast, all EphB1/ animals were categorized
as having either “none/very small” or “reduced” ipsilat-have missed a substantial portion of the ipsilateral optic
tract, as only superficial axons are visualized. Therefore, eral projections (Table 3).
The EphB1/ phenotype may in part reflect guidancewe sectioned these whole mounts so that DiI-labeled
axons could be viewed in three dimensions. At a level errors made by RGC axons prior to reaching the chiasm,
or the chiasm itself may be abnormal in these mutants.where the optic tracts are just beginning to diverge, a
large ipsilateral component was clearly visible in wild- To address this first possibility, we performed partial DiI
fills on either dorsal or ventral retina, enabling us totype and EphB1/ animals (Figures 7F and 7G). How-
ever, in EphB1/ embryos, very few ipsilaterally proj- examine a smaller number of axons at greater resolution.
In EphB2/; EphB3/ double mutants, many dorsal ax-ecting axons were seen (Figure 7H). To quantify these
data, we used image analysis software to measure the ons overshoot the optic disc within the retina, presum-
ably because EphB2 and EphB3 serve as ligands forsize of both optic tracts in these sections (Figure 7J).
EphB1 mutants exhibit a 43% reduction (p  0.0044) in the ephrin-B2 expressed in dorsal retina (Birgbauer et
al., 2000). We examined the retinae of both dorsal andthe relative area of the ipsilateral optic tract compared
to wild-type animals or heterozygotes (data not shown). ventral partial fills in EphB1/ and EphB1/; EphB2/
mice and were not able to detect any intraretinal guid-Though the phenotype of EphB1/; EphB2/ double
mutants (Figure 7I) is slightly more severe (56% reduc- ance errors (Supplemental Figure S3A at http://www.
neuron.org/cgi/content/full/39/6/919/DC1 and data nottion, p  0.0006), the difference between single and
double mutants is not significant. shown). Furthermore, we did not detect any obvious
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Figure 6. Gene Targeting of the EphB1 Locus
(A) Genomic map of the wild-type EphB1 locus, gene targeting vector, and map of the mutant alleles produced. The EphB1 targeting vector
contains 10.6 Kb of 5 homology and 9.5 Kb of 3 homology and deletes 6.6 Kb of the gene including exon 3 (highlighted in orange). The
location of 5 external and internal probes and the 3 external probe used to confirm the recombination events are indicated. The EphB1
genomic DNA used in constructing the targeting vectors was isolated from a lambda library (shown above the wild-type map), and the
restriction enzyme sites indicated are Asp718 (A), BamH1 (B), EcoR1 (E), Nhe1 (N), Sal1 (S), and Xho1 (X).
(B) Southern blot analysis of genomic DNA from wild-type (left lanes) and EphB1/ heterozygote (right lanes) ES cells. DNA was digested
and hybridized with the indicated probes, revealing the expected shifts in banding patterns associated with the mutant allele (asterisks). For
the 5 external probe the Nhe1  Xho1 double digest is diagnostic (22 Kb wild-type/16.5 Kb mutant), while for the 3 external probe the
BamH1 digest is diagnostic (21 Kb wild-type/11 Kb mutant).
(C) Southern blot analysis of offspring from an EphB1/ intercross. Lanes 6 and 7 identify viable EphB1/ homozygotes.
(D) Immunoblot analysis of total protein cell lysates from neonatal brains reveal loss of EphB1 receptor protein in EphB1/ homozygotes.
The reprobe with anti-Shp2 antibodies demonstrates relative equal loading of protein in all lanes.
guidance errors within the optic nerve or optic tract, To confirm this, we retrogradely labeled RGCs from one
optic tract using rhodamine-conjugated Dextran 6000although a conspicuous absence of ipsilaterally pro-
jecting axons is seen in EphB1/ but not wild-type or (Figure 8A). In wild-type animals, dextran labeling can
be observed throughout the contralateral eye but atEphB1/ embryos (Supplemental Figures S3B–S3F). To
address the second possibility—that the chiasm itself much lower density in the VT crescent, where ipsilater-
ally projecting RGCs reside (Figure 8C). In the ipsilateralmay be abnormal—we examined the expression of ephrin-
B2, RC2, SSEA-1, and neurofilament and were unable eye, a small but dense patch of labeled cells is observed
in VT retina (Figures 8D–8F), with few labeled cells foundto detect any differences in EphB1 mutants compared to
wild-type and heterozygote littermates (data not shown). elsewhere. In EphB1/ retinae, dense and nearly uni-
form labeling is again evident in the contralateral eyeThus, it is likely that the midline guidance defect in
EphB1 mutants is a specific phenotype attributable to (Figure 8G). However, in contrast to wild-type retinae,
very few labeled cells were observed in the ipsilateralthe loss of EphB1 function in VT retina.
eye, although most labeled cells are still found in VT
(Figures 8H–8J).More Axons Arising from VT Retina Cross
the Midline in EphB1 Mutants We manually counted, blind to genotype, the dextran-
labeled cells within the VT crescent of both the ipsilateralOur analysis of partial VT DiI fills suggests that fewer
RGCs in VT retina project ipsilaterally in EphB1 mutants. and contralateral retinae and used these values to calcu-
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Figure 7. Anterograde DiI Labeling of EphB Mutants Reveals that the Ipsilateral Projection Is Markedly Reduced in EphB1/ Mice
(A–D) Whole mount ventral views of the chiasm in E17.5 embryos unilaterally labeled with DiI at the optic disc. A normal ipsilateral projection
for this strain of mouse (comprising 1.9% of the total) is observed in wild-type and EphB1/ animals as illustrated by the arrow in (A). EphB2
single mutants also appear phenotypically normal (B). Both EphB1/ and EphB1/; EphB2/ mice, however, have a dramatically reduced
ipsilateral projection (C and D).
(E) Cartoon illustrating the difference between the normal and mutant embryos pictured in (A)–(D).
(F–I) Frontal sections of whole DiI fills at a level where the optic tracts diverge. Both EphB1/ and EphB1/ animals (F and G) exhibit a
normal ipsilateral projection, whereas the ipsilateral projection is noticeably reduced in EphB1/ and EphB1/; EphB2/ embryos (H and I).
Contralateral optic tract is at left, ipsilateral optic tract at right, as indicated by arrow in (F).
(J) Quantification of the relative size of the ipsilateral projection in sections of DiI-labeled embryos. The area covered by ipsilaterally projecting
axons is reduced by 43% and 56% in EphB1/ and EphB1/; EphB2/ animals, respectively. The number of animals analyzed for each
genotype is indicated in parentheses.
(K–M) Whole mount views of the chiasm in P1 animals. Even at this late stage of development, the ipsilateral projection is still barely detectable
in EphB1/ mice (M).
Scale bars, 200 m. Anterior is up in whole mounts; ventral is up in sections.
late the Normalized Ipsilateral Index (NII, see Experimen- phenotype (NII  0.463, p  0.0033 relative to wild-
type). Since no defects were seen in E17.5 EphB1/tal Procedures). Because there is variability in the com-
pleteness of labeling among embryos, this method animals, this suggests that haploinsufficiency of EphB1
may cause a delay in the development of the ipsilateralensures that the contralateral eye serves as an internal
“loading control.” As illustrated in Figure 8B, the NII projection. In support of this, we observed a similar
reduction in the ipsilateral optic tract in E15.5 EphB1/for EphB1/ mutants is reduced by 69% (p  0.0001)
relative to wild-type controls. EphB1/; EphB2/ and animals anterogradely labeled with DiI (data not shown).
The selective expression of EphB1 in VT retina sug-EphB1/; EphB3/ double and EphB1/; EphB2/;
EphB3/ triple mutants exhibit a similar but no more gests that it may be differentially expressed in ipsilateral
and contralateral RGCs. In order to test this, we per-severe phenotype, arguing that redundancy of EphB
function cannot account for the small ipsilateral projec- formed retrograde labeling on EphB1lacZ mice. This allele
not only serves as a marker for normal EphB1 expressiontion that remains in EphB1/ single mutants. Interest-
ingly, EphB1/ heterozygotes display an intermediate but is also functionally a null or at least a strong hypo-
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Table 3. Ipsilateral Projection Phenotypes of DiI-Labeled EphB Mutants
Total Non/Very Small Ipsi Reduced Ipsi Normal Ipsi
Genotype n n % n % n %
Wild-type 19 0 6 32% 13 68%
EphB1/ 5 0 0 5 100%
EphB1/ 10 7 70% 3 30% 0
EphB1/; EphB2/ 6 4 67% 2 33% 0
EphB1/; EphB2/ 14 11 79% 2 14% 1 7%
EphB2/ 3 0 0 3 100%
EphB2-/ 4 0 0 4 100%
n, number of embryos analyzed; %, percentage of each genotype corresponding to a given phenotype. Data presented are from whole fills
only and are pooled from embryos of ages E17.5 and P1.
morph (Supplemental Figure S4 at http://www.neuron. beling performed on the EphB1lacZ/ reporter line, we
have demonstrated that ipsilateral RGCs expressorg/cgi/content/full/39/6/919/DC1). We observed a sig-
nificant overlap between ipsilateral RGCs and lacZ stain- EphB1, whereas contralateral RGCs generally do not.
Moreover, in EphB1lacZ/ null mutants, RGCs in VT retinaing in the VT crescent of EphB1lacZ/ embryos (Figure
8L), in which 54.5% of dextran-labeled cells are double erroneously project contralaterally. Together these data
demonstrate unequivocally that both ephrin-B2 andlabeled (Table 4). In the contralateral eye (Figure 8K),
labeled RGCs are almost entirely excluded from the do- EphB1 are required to direct the formation of the ipsilat-
eral projection and thereby pattern binocular vision.main of EphB1 expression, and very few are lacZ. The
fact that some contralateral RGCs are double labeled
likely reflects the fact that EphB1lacZ/ animals display One EphB Controls Midline Crossing
an intermediate phenotype with respect to the size of Previous studies have shown that ipsilateral RGCs colo-
the ipsilateral projection (Supplemental Figure S4). In calize with EphB2 in Xenopus and that this receptor may
EphB1lacZ/ embryos, very few labeled RGCs are present be important for ephrin-B2-mediated repulsion (Naka-
in the ipsilateral eye (Figure 8N, Table 4, and Supplemen- gawa et al., 2000). However, in agreement with others
tal Figure S4). Moreover, in the contralateral eye, the (Birgbauer et al., 2000), we have found that the high-
domain of labeled cells is expanded into the lacZ region ventral, low-dorsal gradient of EphB2 is not established
toward the periphery of the retina (compare Figure 8M to until E15.5 in the mouse retina, after much of the ipsilat-
8K, see also Supplemental Figure S4). More importantly, eral projection has already formed. Moreover, EphB2
37.2% of contralateral cells in VT colocalize with the alone cannot be sufficient to explain the selective repul-
lacZ marker compared to 12.2% on the EphB1lacZ/back- sion of VT axons, as both VT and VN axons express this
ground (p  0.0001). These data suggest that RGCs receptor, and EphB2 mutants have no obvious chiasm
which express EphB1 normally project ipsilaterally, and defects (Figure 7B). While Eph receptors often function
in EphB1 mutants, these presumptive ipsilateral RGCs redundantly in many systems, the deletion of EphB2
in VT retina instead misproject contralaterally. and/or EphB3 have little impact on the severity of the
EphB1 phenotype. In EphB1; EphB2; EphB3 mutants,
the only remaining EphB receptor in the retina is EphB6Discussion
(Supplemental Figure S1 at http://www.neuron.org/cgi/
content/full/39/6/919/DC1), which is a kinase-inactiveEph family receptors and their ephrin ligands have been
receptor that is thought to require other EphB receptorsimplicated in a wide variety of developmental events,
for its transactivation (Freywald et al., 2002). In theseincluding compartmentalization during embryogenesis,
mutants, in which all gradients of EphB receptors in thecontrol of cell migration and proliferation, commissure
retina have been eliminated, the percentage of RGCsformation, synaptogenesis, and the establishment of
that project ipsilaterally is similar to EphB1 single mu-topographic maps (reviewed in Flanagan and Vander-
tants (Figure 8B).haeghen, 1998). Ephrin-Bs, in particular, have been
shown to establish repulsive boundaries that are
avoided by migrating cells and axons during develop- Severity of the EphB1 Phenotype
From our counts of retrogradely labeled RGCs in thement. Our work suggests a novel role for a specific
B-subclass receptor-ligand pair in sorting axons at an retina, we find that EphB1/ and EphB1lacZ/ embryos
exhibit a 69% and 76% reduction in the NII comparedintermediate choice point, here the optic chiasm. To our
knowledge, we provide the first direct evidence that to wild-type controls. However, these values were based
only on the number of cells within VT and were con-ephrin-B2 is necessary for the ipsilateral projection to
form and demonstrate that axons of ipsilaterally pro- ducted at an age when the ipsilateral projection had
not yet fully developed. In our counts of sections ofjecting RGCs are most sensitive to its effects. Further-
more, we have identified a receptor for ephrin-B2, retrogradely labeled EphB1lacZ retinae (Table 4), we find
that there are 5.2 times fewer ipsis in EphB1lacZ/ (1.30%EphB1, whose dynamic expression pattern precisely
matches the location of ipsilaterally projecting ganglion of total) compared to EphB1lacZ/ (6.72% of total) em-
bryos. These counts are probably the most accurate ofcell bodies and which is required for the proper forma-
tion of the ipsilateral projection. Through retrograde la- our measures, as they take into account all ipsilateral
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Figure 8. Retrograde Labeling Confirms that Few Ipsilaterally Projecting Ganglion Cells Are Present in EphB1 Mutants
(A) Cartoon of the labeling paradigm used in these studies. Rhodamine-conjugated dextran is unilaterally applied to the severed optic tract
at E16.5 and is retrogradely transported to the ganglion cell bodies.
(B) Quantification of the size of the ipsilateral projection in single, double, and triple mutants of EphB1, EphB2, and EphB3. Removal of EphB1
function alone is sufficient to recapitulate the most severe phenotype observed, with an 70% reduction in the relative ipsilateral index.
EphB1 heterozygotes display an intermediate phenotype at this age.
(C–J) Whole mount views of dextran-labeled retinae. Orientation is as indicated in (A). In wild-type animals (C–F), labeled RGCs are found at
a high density throughout the contralateral eye (C) with the exception of the VT crescent, where labeling is sparse. In the ipsilateral eye (D–F),
labeling is confined to a small but dense patch of cells in the VT region. In EphB1 mutants (G–J), the contralateral eye is again uniformly
labeled, with an apparent expansion into VT (see also Supplemental Figures S4A and S4D at http://www.neuron.org/cgi/content/full/39/6/919/
DC1). Very few labeled cells are observed in the ipsilateral eye (H–J), though most are still confined to VT. (E) and (I) are schematic reconstructions
of (D) and (H) to clarify the location of ipsilateral cell bodies. (F) and (J) are high-magnification images of VT. Scale bar, 500 m in (C), 200
M in (F).
(K–N) Deconvolved frontal sections of the VT region of retina in dextran-labeled EphB1lacZ embryos. EphB1lacZ/ animals have a phenotype
similar to EphB1/ heterozygotes (see Supplemental Figure S4). Though there are fewer ipsis than in wild-type animals at this age, 55% of
them colocalize with EphB1, as indicated by their overlap with lacZ expression (L). In the contralateral eye (K), the domain of EphB1 expression
is distinct from that of the dextran-labeled cells, and few cells are double labeled. In EphB1lacZ/ embryos, whose phenotype is similar to nulls,
very few dextran-labeled cells are observed in the ipsilateral eye (N), though a similar percentage of them colocalize with EphB1. In the
contralateral eye (M), many dextran-labeled cell bodies are located within the domain of EphB1 expression, and 37% of these cells in VT are
double labeled. Scale bar, 50 M in (K). Arrowheads indicate double-labeled cells. Periphery is at right in (K) and (M), at left in (L) and (N).
and contralateral RGCs except those in sections where phenotype, it is likely that the reduction observed in
EphB1 mutants is even more severe relative to wild-EphB1 is not expressed. However, since only contralat-
eral RGCs are found in these sections, this should not type animals.
It should also be noted that all EphB mutants and wild-affect the relative difference between the two geno-
types. Since heterozygotes at this age display a partial type controls were maintained on a CD1 background,
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Table 4. Correlation between EphB1 Expression and Projection Pattern on Different Genetic Backgrounds
Percentage of Double-Labeled Cells
Percentage of Cells Located in VT Located in VT
Percentage of
Genotype n Ipsi Contra Ipsi Contra Ipsilateral Cells
EphB1lacZ/ 5 85.6%  2.6% 8.8%  1.4% 54.5%  6.8% 12.2%  0.7% 6.7%  2.4%
EphB1lacZ/ 5 65.0%  3.7%** 12.5%  1.0% 48.1%  2.3% 37.2%  0.3%*** 1.3%  0.2%*
Data are mean  SEM; n, number of embryos analyzed for each condition; ipsi, eye ipsilateral to dextran labeling site; contra, eye contralateral
to dextran labeling site. VT is defined by domain of lacZ expression. Percentage of ipsilateral cells (third column)  dextran-labeled cells in
ipsilateral retina divided by total number of retrogradely labeled cells in ipsilateral and contralateral retinae. *p  0.05, **p  0.01, ***p 
0.001.
which is an albino strain. Albinos suffer from a number directly in midline guidance. We feel that this is unlikely,
however, since the expression of the postmitotic markerof visual system defects, including a low density of pho-
toreceptors in the fovea and a 30%–35% reduction in Islet1/2 appears normal in these mutants (data not
shown), and we and others have not detected any poten-the number of ipsilaterally projecting RGCs (Rice et al.,
1995). Some mice harboring the EphB1lacZ allele have tial ligands for EphB1 in the VT crescent (data not shown
and Mui et al., 2002).been maintained on a mixed C57/129 genetic back-
ground, and we have compared a number of them to Our analysis of the EphB1 mutant phenotype demon-
strates that EphB1 is a key receptor dictating crossingtheir CD1 counterparts, although we have not included
data from pigmented strains in any of our analyses of behavior in the optic chiasm. However, the ipsilateral
projection is not entirely eliminated in these mice, andthe EphB1 mutant phenotype. We have noted that pig-
mented EphB1lacZ/ mice generally have more ipsis and the few remaining ipsilateral RGCs—even in triple mu-
tants—still originate mainly from VT retina. Additionally,a larger domain of lacZ expression than CD1 EphB1lacZ/
mice (data not shown). However, since it is impossible while many contralateral RGCs colocalize with lacZ in
EphB1lacZ/ animals, the percentage of colocalized cellsto compare age-matched littermates of different strains,
we are reluctant to make any general conclusions re- in the contralateral eye (37.2%  0.3%) is still signifi-
cantly lower than in the ipsilateral eye (48.1%  2.3%,garding EphB1 expression in pigmented versus albino
strains. p  0.0014). This suggests that another EphB-indepen-
dent mechanism may prevent VT axons from crossing
the midline in these mutants. An intriguing possibility isMechanisms of Midline Crossing and Avoidance
There are at least three possible mechanisms that could that there is a factor which enables axons to project
contralaterally and that this factor is absent from VT. Aaccount for the reduced number of ipsilateral RGCs
observed in EphB1 mutants. First, EphB1 may be re- second but not mutually exclusive possibility is that the
residual ipsilateral optic tract found in EphB1 mutantsquired for the proper differentiation of ipsilateral RGCs
and may have little to do with axon guidance per se. is simply the result of fasciculation with contralateral
axons from the opposite eye. Studies in which monocu-Second, EphB1 may be required for VT axons to be
repelled by the chiasm midline, but in its absence, VT lar enucleation has been performed at an early age have
revealed a decrease in the number of ipsilaterally pro-axons may stall or misproject and perhaps later become
eliminated. Third, EphB1 may be required for midline jecting RGCs (Chan et al., 1999), suggesting that ipsi-
contra fasciculation is important for the proper forma-repulsion and, in its absence, VT axons instead project
contralaterally. Our finding that contralateral RGCs colo- tion of the ipsilateral optic tract. In support of this, we
have observed that the ipsilateral component grows in-calize with the lacZ marker for EphB1 expression in
EphB1lacZ/ embryos demonstrates that many presump- creasingly larger in EphB1/ animals with age as the
size of the optic tracts increases.tive ipsilateral RGCs aberrantly cross the midline in the
absence of functional EphB1. Therefore, we favor a
mechanism whereby EphB1 is not only required for VT Regulation of EphB1 Levels on RGC Axons
Although four EphB receptors are present in VT, onlyaxons to project ipsilaterally but that the absence of
EphB1 is sufficient to cause many of them to misproject EphB1 seems to be required for midline guidance, sug-
gesting that there are mechanisms in place to regulatecontralaterally.
In sections of anterogradely labeled animals, we have which EphBs are present on growth cones at different
points along their trajectory. The data from our experi-not detected any obvious examples of guidance errors
in EphB1 mutants other than the midline crossing defect. ments with dorsal retinal explants in which EphB4-Fc
was used to block ephrin-B2 function (Figure 4A) raiseWhile gross retinal axon guidance defects such as those
observed in Slit1; Slit2 mutants can be observed in static the possibility that endogenous ephrin-Bs may modify
EphB function in cis as has been previously reportedpreparations (Plump et al., 2002), a more subtle pheno-
type may be difficult to discern by our methods and for ephrin-As (Dutting et al., 1999; Hornberger et al.,
1999). This mechanism may be implemented to “silence”would best be observed by live imaging in semiintact
preparations (Sretavan and Reichardt, 1993; Godement EphB3 and EphB6 in dorsal retina, thereby allowing dor-
sal axons to avoid inhibition by ephrin-B2 at the midline.et al., 1994). We also cannot entirely exclude the possi-
bility that EphB1 plays a role in regulating the prolifera- Another method by which EphB levels may be regu-
lated is through local protein synthesis in growth cones.tion or differentiation of ipsilateral RGCs rather than
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It has been demonstrated that axotomized growth cones ops in mouse and Xenopus, it is clear that B-subclass
Ephs and ephrins are utilized by both organisms to directare capable of altering their responsiveness to guidance
cues as a result of local protein synthesis (Campbell the formation of the ipsilateral projection and establish
binocular vision.and Holt, 2001). Moreover, it has recently been shown
that levels of EphA2 protein on spinal commissural ax-
Experimental Proceduresons increase as they approach the midline (Brittis et al.,
2002). In a similar manner, it is possible that EphB1 is
Animals
upregulated on RGC growth cones as they enter the Embryos from C57Bl/6J mice in a timed pregnancy breeding colony
chiasm region, while EphB2 is not translated until after were removed from anesthetized mothers by caesarian section and
staged (Theiler, 1972) with E0 defined as midnight of the night beforethey cross the midline.
a plug was found. Ephrin-B2lacZ, EphB2/, and EphB3/ mutantIn our studies of retrogradely labeled EphB1lacZ retinae,
mice have been previously described (Henkemeyer et al., 1996;we find that, while the majority of ipsilateral RGCs ex-
Orioli et al., 1996; Gale et al., 2001) and were maintained on a C57Bl/6press lacZ (Table 4), many of the older ipsis located more
(ephrin-B2lacZ) or CD1 (EphB2/ and EphB3/) background.
centrally do not, and of those that do, many express lacZ
only weakly. Additionally, some cells in VT that express In Situ Hybridization and Immunohistochemistry
Digoxigenin-labeled riboprobes were generated by in vitro transcrip-lacZ are not dextran labeled. It is likely that many of
tion from plasmids containing 300–1000 bp unique regions ofthese EphB1/dextran cells are later-born RGCs whose
cDNA (see Supplemental Data at http://www.neuron.org/cgi/axons have not yet reached the optic tract or which have
content/full/39/6/919/DC1). When possible, two different antisensenot effectively transported the dextran. Conversely, the
probes were used, and sense probes as controls. In situs on 100
EphB1/dextran cells may reflect those RGC axons m vibratome sections of mouse brain were performed as described
that have fasciculated with crossed axons from the op- previously (Erskine et al., 2000).
Ephrin-B2 and EphB1 were detected in embryos heterozygousposite eye in an EphB1-independent manner. Another
for the lacZ allele using either X-gal histochemistry (Suri et al., 1996)possibility is that EphB1 may be downregulated after
or -galactosidase antibodies. Frozen sections were cut at a thick-ipsilateral RGCs turn at the midline and reach the optic
ness of 16 or 20 m on a cryostat (Leica) and stained with antibodiestract. In a companion paper in Cell (Herrera et al., 2003),
used at the following dilutions: rabbit anti--galactosidase, 1:1000
Zic2 has been identified as a transcription factor that (Cortex Biochem, San Leandro, CA); goat anti--galactosidase,
specifies the ipsilateral projection, and Zic2 appears to 1:500 (Biogenesis); mouse IgG anti-neurofilament (mAb 2H3), 1:4;
mouse IgM anti-RC2, 1:4 (Developmental Studies Hybridoma Bank);be turned off as ipsilateral axons approach the midline.
guinea pig anti-GLAST, 1:2000 (Chemicon); rabbit anti-BLBP,It will be of interest to see whether EphB1 is dynamically
1:2000. Sections were imaged on a Zeiss LSM410 confocal micro-regulated in a similar fashion and whether Zic2 plays a
scope or Axioplan 2 epifluorescent microscope equipped withrole in controlling EphB1 levels on ipsilateral axons.
Openlab deconvolution software (Improvision, Inc., Boston, MA).
HEK Cell TransfectionsA Conserved Role for B-Class Ephs and Ephrins
HEK cells were grown to 60%–70% confluence in DMEM plus 10%in Retinal Axon Divergence
FBS and transfected using the Lipofectamine Plus system (In-Previous work from studies in Xenopus pointed to a
vitrogen) with an EphB2 expression plasmid (pMT21/EphB2) orpotential role for ephrin-Bs in the guidance of RGC ax-
empty vector. Thirty-six hours later, cells were harvested, plated at
ons at the chiasm midline (Nakagawa et al., 2000). In low density (10,000 cells/dish) onto glass coverslip-bottom petri
this study, we have expanded upon these findings in dishes (MatTek Corp., Ashland, MA) coated with the same sub-
strates used for the retinal explant experiments, then fixed 90 minboth mouse and Xenopus and have demonstrated that
after plating. Ephrin-B1 and ephrin-B2 were used at concentrationsboth ephrin-B2 and EphB1 are required for the proper
of 1 g/mL and 8 g/mL, and Fc at 4 g/mL. Triplicate platesformation of the ipsilateral projection in mouse. We have
of each condition were incubated with antibodies against EphB2,also shown that EphB1 is expressed in the region where
phosphorylated EphB2 (Dalva et al., 2000), or no primary antibody.
new ipsilaterally projecting ganglion cells are being gen- Cells were photographed under epifluorescence and DIC optics at
erated in the postmetamorphic Xenopus retina, in a pat- 100	 magnification on a Zeiss Axioplan scope.
tern that partially overlaps with EphB2 (Supplemental
RGC Explant Cultures and Retina-Chiasm CoculturesFigures S1I and S1J at http://www.neuron.org/cgi/
Quadrants of retina were dissected from E14.5 C57Bl/6J embryoscontent/full/39/6/919/DC1). The expression patterns for
as described previously (Wang et al., 1996). Murine ephrin-B1- andboth these receptors are similar to those observed in
ephrin-B2-Fc (Gale et al., 1996) and recombinant human ephrin-B3-
the mouse retina, although the gradients are shifted Fc (R&D Systems, Minneapolis, MN) were clustered by the addition
toward temporal retina in Xenopus. Through genetic of 10-fold excess goat anti-human Fc antibody (ICN Biomedicals,
Aurora, OH) at 37
C for 2 hr. ChromPure human Fc (Jackson Immu-analysis of single, double, and triple mouse mutants,
nologicals) clustered in the same manner was used as a control. Fcwe favor a model in which EphB1 alone is sufficient to
proteins were applied to poly-ornithine coated dishes for 2 hr atdirect the formation of the ipsilateral projection. While
37
C. Dishes were then coated for 2 hr at 37
C with 10g/mL lamininit was demonstrated previously that ipsilateral RGCs in
(Invitrogen) before adding serum-free medium (Wang et al., 1995).
Xenopus colocalize with an EphB2 antibody (Nakagawa Five to six explants were plated per dish, ganglion cell-side down.
et al., 2000), EphB1 had not been examined at this time, For cultures treated with the EphB4-Fc blocking reagent, unclus-
tered EphB4-Fc or Fc control was added at a final concentration ofand the overlapping domains of EphB1 and EphB2 ex-
25 or 12.5 g/mL, respectively, 1 hr after plating retinal explants.pression make both of these Ephs attractive candidates
Substrate concentrations were 2 g/mL for Fc, ephrin-B1-Fc, andas receptors for the midline ephrin-B. Because loss-of-
ephrin-B2-Fc, and 8 g/mL for ephrin-B3-Fc, as a higher dose wasfunction studies are technically challenging in Xenopus
required for the latter to elicit a reproducible level of inhibition.
at this time, it will be difficult to determine which of For retina-chiasm cocultures, retinal explants were plated on poly-
these receptors are required in this system. However, ornithine/laminin coated dishes and allowed to adhere for 2 hr before
adding chiasm cells. Chiasm explants were dissected and dissoci-despite the differences in how the visual system devel-
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ated as described previously (Wang et al., 1995) and plated at a transcription factor that specifically labels postmitotic RGCs in VT
retina (Herrera et al., 2003). Dextran-labeled cells in the VT crescentdensity of 60,000–80,000 cells/cm2. EphB2-, EphB4-, or EphA5-Fc
(Gale et al., 1996) was added at a final concentration of 25 g/mL of the ipsilateral and contralateral eyes were manually counted blind
to genotype. To calculate the NII, the number of ipsilateral cells was1 hr after the addition of chiasm cells. For controls, Fc was added
at a roughly equimolar concentration of 12.5 g/mL. divided by the total number of ipsilateral and contralateral cells.
This value was then normalized relative to the wild-type mean, whichExplants were grown at 35.5
C/5% CO2 for 18 hr, then fixed 30
min with 4% paraformaldehyde plus 100 mM sucrose. Neurites were was defined as 1. The VT crescent was defined laterally by the
domain of Zic2 expression and medially as 350 m from the periph-visualized with a monoclonal III tubulin (Sigma) or neurofilament
antibody. BLBP antibody and Hoechst were used to label chiasm ery of the neural retina. Wild-type controls consisted of both lit-
termates from crosses of EphB1 heterozygotes as well as the off-cells in cocultures. The total area covered by neurites was quantified
with Openlab image analysis software. spring of syngenic CD1 animals. EphB1 single mutants (third bar in
Figure 7B) were pooled from animals of the following genotypes:
EphB1/ (n  8, NII  0.3007  0.05) and EphB1/; EphB2/ (n Semiintact Visual System Preparations
8, NII  0.3246  0.06).Whole preparations containing the retinae, optic nerves, optic chi-
For quantification of double-labeled cells in EphB1lacZ backfills,asm, and optic tracts were dissected from E13.5 embryos based
20 m frontal sections were cut on a cryostat and collected suchon a modification of Godement et al. (1994). Preparations were
that serial sections were separated by 100 m. After staining forcultured on Millicell-CM filters (Millipore) in DMEM/F12 medium plus
-gal (Biogenesis), sections were mounted, z series taken, and im-10% FBS for 24 hr at 35.5
C/5% CO2. Cultures were supplemented
ages deconvolved. For each embryo, cells were counted in all sec-with 25 or 100 g/mL of either human Fc or EphB4-Fc. After 24 hr,
tions in which EphB1 could be detected (six to eight serial sections),cultures were fixed and DiI (Molecular Probes) crystals were placed
and double labeling was confirmed in overlays of equivalent decon-in one eye to anterogradely label the visual projection. Cultures were
volved sections. Cells were defined as located in VT if they werekept at room temperature in PBS plus 0.02% sodium azide for 1
found within the domain of lacZ expression.week, then photographed as whole mounts on a Zeiss dissecting
microscope and analyzed blindly.
Statistical Analysis
All data were analyzed and graphs constructed using Prism 3 statis-Generation of EphB1 Mutations
tical software (GraphPad Software, Inc., San Diego, CA). All errorTo construct the EphB1 targeting vector, a 10.6 Kb EcoR1 restriction
bars are expressed as the standard error of the mean (SEM). Statisti-fragment of cloned mouse genomic DNA upstream of exon 3 (co-
cal significance was determined using two-tailed Students’ t tests.dons 42 to 268) was used for the 5 arm and a 9.5 Kb EcoR1 fragment
*p  0.05, **p  0.01, ***p  0.001.downstream of exon 3 was used for the 3 arm. The two arms were
cloned into pPNT to provide the neo and tk cassettes used for
positive and negative selections (Tybulewicz et al., 1991). Targeting Acknowledgments
vectors were electroporated into the ES cell line R1 (Nagy et al.,
1993), and germline transmission was obtained from chimeric mice We thank Matthew Dalva and Michael Greenberg for generously
generated by either morula aggregation or blastocyst injection. To supplying EphB2 antibodies; Steven and Lucia Brown for the Zic2
generate a lacZ marker for the normal expression of EphB1, the antibody; Chiara Manzini for generating the cerebellar cDNA used
targeting vector was modified to include a cassette that contains to clone the EphB1 riboprobe; Francisco Gomez-Scholl for providing
an En2 splice acceptor (sa) upstream of an internal ribosome entry HEK cells; Nat Heintz for the gift of the BLBP antibody; and Susan
site (IRES) driving translation of a -galactosidase-neomycin fusion Morton and Tom Jessell for the gift of Islet-1/2 and RC2 antibodies.
protein (geo). The animals used in this study have been back- We also wish to thank Eloisa Herrera, Peter Scheiffele, Zaven Kaprie-
crossed to CD1 mice for multiple generations. The primers used to lian, and members of the Mason, Holt, and Henkemeyer laboratories
genotype the EphB1, EphB1, and EphB1lacZ alleles are described for helpful discussions and critical reading of the manuscript. We
in the Supplemental Data at http://www.neuron.org/cgi/content/full/ are grateful to Zara Oakes and Tracey Bowdler for assistance with
39/6/919/DC1. genotyping and to Mika Melikyan for maintenance of the mouse
colony. This work was supported by NIH grants (C.A.M., R01
EY12736 and PO30532), a March of Dimes Birth Defects FoundationBiochemical Analysis
grant (M.H., 1-FY00-751), a National Eye Institute training grantNeonatal mouse brains were disrupted in PLC lysis buffer (Henke-
(S.E.W., T32 EY13933), and Human Frontier Science Program Longmeyer et al., 1994), and equal amounts of protein were separated
Term Fellowships (F.M. and L.E).by SDS-PAGE, and transferred to Protran nitrocellulose membranes
(Schleicher & Schuell). Membranes were immunoblotted with an
antibody against EphB1 (Santa Cruz Biotechnology, Inc.), then Received: September 19, 2002
stripped and reprobed with an anti-Shp2 antibody (Santa Cruz) as Revised: June 12, 2003
a loading control. Immunoblots were visualized using HRP-conju- Accepted: August 14, 2003
gated secondary antibodies (Jackson Laboratories) with Super Sig- Published: September 10, 2003
nal West Dura Substrate (Pierce) and X-Omat film (Kodak).
References
Anterograde and Retrograde Labeling
Whole and partial anterograde labeling was performed on fixed Birgbauer, E., Cowan, C.A., Sretavan, D.W., and Henkemeyer, M.
tissue using DiI as described previously (Plump et al., 2002). Speci- (2000). Kinase independent function of EphB receptors in retinal
mens were photographed as whole mounts, then embedded in 3% axon pathfinding to the optic disc from dorsal but not ventral retina.
agarose, sectioned at 100 m on a vibratome, and photographed Development 127, 1231–1241.
on a Zeiss Axioplan 2 scope. For measurement of the relative size Braisted, J.E., McLaughlin, T., Wang, H.U., Friedman, G.C., Ander-
of the ipsilateral projection, the area occupied by DiI fluorescence son, D.J., and O’Leary, D.D.M. (1997). Graded and lamina-specific
in the ipsilateral and contralateral optic tracts was measured using distributions of ligands of EphB receptor tyrosine kinases in the
Openlab software in all sections in which an ipsilateral component developing retinotectal system. Dev. Biol. 191, 14–28.
was present (usually three to four 100 m sections). The data in
Brambilla, R., Bruckner, K., Orioli, D., Bergemann, A.D., Flanagan,Figure 7J represent the area of the ipsilateral optic tract in these
J.G., and Klein, R. (1996). Similarities and differences in the waysections divided by the combined areas of the ipsilateral and contra-
transmembrane-type ligands interact with the Elk subclass of Ephlateral optic tracts. Measurements were taken blind to genotype.
receptors. Mol. Cell. Neurosci. 8, 199–209.For retrograde labeling, rhodamine-dextran 6000 (Molecular
Probes) was applied unilaterally to the cut optic tract of living tissue Brittis, P.A., Lu, Q., and Flanagan, J.G. (2002). Axonal protein synthe-
sis provides a mechanism for localized regulation at an intermediate(Rachel et al., 2002). After labeling, retinae were dissected and
stained with an antibody to Zic2 (Brown et al., 2003), a zinc-finger target. Cell 110, 223–235.
Neuron
934
Brown, L.Y., Kottman, A.H., and Brown, S. (2003). Immunolocaliza- J., Pawson, T., and Klein, R. (1996). Nuk controls pathfinding of
commissural axons in the mammalian central nervous system. Celltion of zic2 expression in the developing forebrain. Gene Expr. Pat-
terns 3, 361–367. 86, 35–46.
Campbell, D.S., and Holt, C.E. (2001). Chemotropic responses of Herrera, E., Brown, L., Aruga, J., Rachel, R.A., Dolen, G., Mikoshiba,
retinal growth cones mediated by rapid local protein synthesis and K., Brown, S., and Mason, C.A. (2003). Zic2 patterns binocular vision
degradation. Neuron 32, 1013–1026. by specifying the uncrossed retinal projection. Cell 114, 545–557.
Chan, S.O., Chung, K.Y., and Taylor, J.S. (1999). The effects of Himanen, J.P., Rajashankar, K.R., Lackmann, M., Cowan, C.A., Hen-
early prenatal monocular enucleation on the routing of uncrossed kemeyer, M., and Nikolov, D.B. (2001). Crystal structure of an Eph
retinofugal axons and the cellular environment at the chiasm of receptor-ephrin complex. Nature 414, 933–938.
mouse embryos. Eur. J. Neurosci. 11, 3225–3235. Hindges, R., McLaughlin, T., Genoud, N., Henkemeyer, M., and
Cheng, H.J., Nakamoto, M., Bergemann, A.D., and Flanagan, J.G. O’Leary, D.D.M. (2002). EphB forward signaling controls directional
(1995). Complementary gradients in expression and binding of ELF-1 branch extension and arborization required for dorsal-ventral retino-
and Mek4 in development of the topographic retinotectal projection topic mapping. Neuron 35, 475–487.
map. Cell 82, 371–381. Hornberger, M.R., Dutting, D., Ciossek, T., Yamada, T., Handwerker,
Colello, R.J., and Guillery, R.W. (1990). The early development of C., Lang, S., Weth, F., Huf, J., Wessel, R., Logan, C., et al. (1999).
retinal ganglion cells with uncrossed axons in the mouse: retinal Modulation of EphA receptor function by coexpressed ephrinA li-
position and axonal course. Development 108, 515–523. gands on retinal ganglion cell axons. Neuron 22, 731–742.
Dalva, M.B., Takasu, M.A., Lin, M.Z., Shamah, S.M., Hu, L., Gale, Kullander, K., and Klein, R. (2002). Mechanisms and functions of
N.W., and Greenberg, M.E. (2000). EphB receptors interact with Eph and ephrin signaling. Nat. Rev. Mol. Cell Biol. 3, 475–486.
NMDA receptors and regulate excitatory synapse formation. Cell Mann, F., and Holt, C.E. (2001). Control of retinal growth and axon
103, 945–956. divergence at the chiasm: lessons from Xenopus. Bioessays 23,
Davis, S., Gale, N.W., Aldrich, T.H., Maisonpierre, P.C., Lhotak, V., 319–326.
Pawson, T., Goldfarb, M., and Yancopoulos, G.D. (1994). Ligands
Mann, F., Ray, S., Harris, W.A., and Holt, C.E. (2002). Topographic
for EPH-related receptor tyrosine kinases that require membrane
mapping in dorsoventral axis of the Xenopus retinotectal system
attachment or clustering for activity. Science 266, 816–819.
depends on signaling through ephrin-B ligands. Neuron 35, 461–473.
Drager, U.C. (1985). Birth dates of retinal ganglion cells giving rise
Marcus, R.C., and Mason, C.A. (1995). The first retinal axon growth
to the crossed and uncrossed optic projections in the mouse. Proc.
in the mouse optic chiasm: axon patterning and the cellular environ-
R. Soc. Lond. B. Biol. Sci. 224, 57–77.
ment. J. Neurosci. 15, 6389–6402.
Dutting, D., Handwerker, C., and Drescher, U. (1999). Topographic
Marcus, R.C., Blazeski, R., Godement, P., and Mason, C.A. (1995).targeting and pathfinding errors of retinal axons following overex-
Retinal axon divergence in the optic chiasm: uncrossed axons di-pression of ephrinA ligands on retinal ganglion cell axons. Dev. Biol.
verge from crossed axons within a midline glial specialization. J.
216, 297–311.
Neurosci. 15, 3716–3729.
Erskine, L., Williams, S.E., Brose, K., Kidd, T., Rachel, R.A., Good-
Mason, C.A., and Sretavan, D.W. (1997). Glia, neurons, and axonman, C.S., Tessier-Lavigne, M., and Mason, C.A. (2000). Retinal
pathfinding during optic chiasm development. Curr. Opin. Neurobiol.ganglion cell axon guidance in the mouse optic chiasm: expression
7, 647–653.and function of Robos and Slits. J. Neurosci. 20, 4975–4982.
McLaughlin, T., Hindges, R., and O’Leary, D.D. (2003). RegulationFeng, L., Hatten, M.E., and Heintz, N. (1994). Brain lipid-binding
of axial patterning of the retina and its topographic mapping in theprotein (BLBP): a novel signaling system in the developing mamma-
brain. Curr. Opin. Neurobiol. 13, 57–69.lian CNS. Neuron 12, 895–908.
Misson, J.P., Edwards, M.A., Yamamoto, M., and Caviness, V.S., Jr.Flanagan, J.G., and Vanderhaeghen, P. (1998). The ephrins and Eph
(1988). Identification of radial glial cells within the developing murinereceptors in neural development. Annu. Rev. Neurosci. 21, 309–345.
central nervous system: studies based upon a new immunohisto-
Flanagan, J.G., Cheng, H.J., Feldheim, D.A., Hattori, M., Lu, Q., and chemical marker. Brain Res. Dev. Brain Res. 44, 95–108.
Vanderhaeghen, P. (2000). Alkaline phosphatase fusions of ligands
Mui, S.H., Hindges, R., O’Leary, D.D.M., Lemke, G., and Bertuzzi,or receptors as in situ probes for staining of cells, tissues, and
S. (2002). The homeodomain protein Vax2 patterns the dorsoventralembryos. Methods Enzymol. 327, 19–35.
and nasotemporal axes of the eye. Development 129, 797–804.
Freywald, A., Sharfe, N., and Roifman, C.M. (2002). The kinase-null
Nagy, A., Rossant, J., Nagy, R., Abramow-Newerly, W., and Roder,EphB6 receptor undergoes transphosphorylation in a complex with
J.C. (1993). Derivation of completely cell culture-derived mice fromEphB1. J. Biol. Chem. 277, 3823–3828.
early-passage embryonic stem cells. Proc. Natl. Acad. Sci. USA 90,
Gale, N.W., Holland, S.J., Valenzuela, D.M., Flenniken, A., Pan, L.,
8424–8428.
Ryan, T.E., Henkemeyer, M., Strebhardt, K., Hirai, H., Wilkinson,
Nakagawa, S., Brennan, C., Johnson, K.G., Shewan, D., Harris, W.A.,D.G., et al. (1996). Eph receptors and ligands comprise two major
and Holt, C.E. (2000). Ephrin-B regulates the Ipsilateral routing ofspecificity subclasses and are reciprocally compartmentalized dur-
retinal axons at the optic chiasm. Neuron 25, 599–610.ing embryogenesis. Neuron 17, 9–19.
Orioli, D., Henkemeyer, M., Lemke, G., Klein, R., and Pawson, T.Gale, N.W., Baluk, P., Pan, L., Kwan, M., Holash, J., DeChiara, T.M.,
(1996). Sek4 and Nuk receptors cooperate in guidance of commis-McDonald, D.M., and Yancopoulos, G.D. (2001). Ephrin-B2 selec-
sural axons and in palate formation. EMBO J. 15, 6035–6049.tively marks arterial vessels and neovascularization sites in the adult,
with expression in both endothelial and smooth-muscle cells. Dev. Plump, A.S., Erskine, L., Sabatier, C., Brose, K., Epstein, C.J., Good-
Biol. 230, 151–160. man, C.S., Mason, C.A., and Tessier-Lavigne, M. (2002). Slit1 and
Slit2 cooperate to prevent premature midline crossing of retinalGodement, P., Wang, L.C., and Mason, C.A. (1994). Retinal axon
axons in the mouse visual system. Neuron 33, 219–232.divergence in the optic chiasm: dynamics of growth cone behavior
at the midline. J. Neurosci. 14, 7024–7039. Rachel, R.A., Dolen, G., Hayes, N.L., Lu, A., Erskine, L., Nowakowski,
R.S., and Mason, C.A. (2002). Spatiotemporal features of early neu-Hartfuss, E., Galli, R., Heins, N., and Gotz, M. (2001). Characterization
ronogenesis differ in wild-type and albino mouse retina. J. Neurosci.of CNS precursor subtypes and radial glia. Dev. Biol. 229, 15–30.
22, 4249–4263.Henkemeyer, M., Marengere, L.E., McGlade, J., Olivier, J.P., Conlon,
Rice, D.S., Williams, R.W., and Goldowitz, D. (1995). Genetic controlR.A., Holmyard, D.P., Letwin, K., and Pawson, T. (1994). Immunolo-
of retinal projections in inbred strains of albino mice. J. Comp.calization of the Nuk receptor tyrosine kinase suggests roles in
Neurol. 354, 459–469.segmental patterning of the brain and axonogenesis. Oncogene 9,
1001–1014. Shibata, T., Yamada, K., Watanabe, M., Ikenaka, K., Wada, K., Ta-
naka, K., and Inoue, Y. (1997). Glutamate transporter GLAST is ex-Henkemeyer, M., Orioli, D., Henderson, J.T., Saxton, T.M., Roder,
Ephrin-B2 and EphB1 Pattern Binocular Vision
935
pressed in the radial glia-astrocyte lineage of developing mouse
spinal cord. J. Neurosci. 17, 9212–9219.
Sretavan, D.W. (1990). Specific routing of retinal ganglion cell axons
at the mammalian optic chiasm during embryonic development. J.
Neurosci. 10, 1995–2007.
Sretavan, D.W., and Reichardt, L.F. (1993). Time-lapse video analy-
sis of retinal ganglion cell axon pathfinding at the mammalian optic
chiasm: growth cone guidance using intrinsic chiasm cues. Neuron
10, 761–777.
Suri, C., Jones, P.F., Patan, S., Bartunkova, S., Maisonpierre, P.C.,
Davis, S., Sato, T.N., and Yancopoulos, G.D. (1996). Requisite role
of angiopoietin-1, a ligand for the TIE2 receptor, during embryonic
angiogenesis. Cell 87, 1171–1180.
Theiler, K. (1972). The House Mouse: Development and Normal
Stages from Fertilization to 4 Weeks of Age (Berlin, New York:
Springer-Verlag).
Tybulewicz, V.L., Crawford, C.E., Jackson, P.K., Bronson, R.T., and
Mulligan, R.C. (1991). Neonatal lethality and lymphopenia in mice
with a homozygous disruption of the c-abl proto-oncogene. Cell 65,
1153–1163.
Wang, L.C., Dani, J., Godement, P., Marcus, R.C., and Mason, C.A.
(1995). Crossed and uncrossed retinal axons respond differently to
cells of the optic chiasm midline in vitro. Neuron 15, 1349–1364.
Wang, L.C., Rachel, R.A., Marcus, R.C., and Mason, C.A. (1996).
Chemosuppression of retinal axon growth by the mouse optic chi-
asm. Neuron 17, 849–862.
Wang, H.U., Chen, Z.F., and Anderson, D.J. (1998). Molecular dis-
tinction and angiogenic interaction between embryonic arteries and
veins revealed by ephrin-B2 and its receptor Eph-B4. Cell 93,
741–753.
